Kisspeptins, a family of neuropeptides encoded by the Kiss1 gene that are mainly expressed in discrete neuronal populations of the hypothalamus, have recently emerged as essential upstream regulatory elements of GnRH (gonadotropin-releasing hormone) neurons and, thereby, potent elicitors of gonadotropin secretion. Indeed, kisspeptins are now recognized as important regulators of key aspects of the maturation and function of the reproductive axis, including the sexual differentiation of the brain, the timing of puberty, the adult regulation of gonadotropin secretion by gonadal hormones, and the control of fertility by metabolic and environmental (e.g., photoperiod) cues. Appreciation of these fundamental biological features has led to the contention that kisspeptins are indispensable elements of the reproductive brain whose relevance goes beyond their crucial physiological roles and may pose potential pathophysiological and therapeutic interest. In spite of such a consensus, recent developments in the field have helped to expand, and somewhat challenged, our current understanding of the neuroendocrine and molecular mechanisms whereby some of the effects of kisspeptins are conducted. This review aims to provide a synoptic and balanced account of the consensus knowledge and recent findings in the field of kisspeptin physiology, which we predict will be crucial in shaping the progress of our understanding of the roles played by this family of neuropeptides in reproductive biology.
INTRODUCTION
Although the basic components and some of the major regulatory elements of the reproductive axis, also termed hypothalamic-pituitary-gonadal (HPG) axis, had been identified and well characterized in the last decades, there is unanimous appreciation of the substantial expansion of our understanding of the neurohormonal mechanisms responsible for the control of gonadotropin secretion in mammalian and nonmammalian species that has taken place in recent years. Specifically, our knowledge of the neuronal circuits and signals, as well as of the hormonal factors, responsible for the dynamic regulation of gonadotropin-releasing hormone (GnRH) secretion at the hypothalamus has significantly enlarged recently. This progress has provided an ideal conceptual framework to fully understand the mechanisms whereby central and peripheral factors ultimately regulate gonadotropin release and, hence, gonadal maturation and function [1] [2] [3] . Indeed, the concurrence of genetic, genomic, physiological, pharmacological and comparative studies has revolutionized our current understanding of key aspects of reproductive biology, thus defining a golden age for studies in this particular field that can be fairly compared to the impact of the initial cloning of GnRH in the early 1970s [4] .
As a prototypic example, in the last seven years we have witnessed the emergence of kisspeptins and GPR54 as indispensable pieces in the hierarchy of neuroendocrine factors governing reproductive function [5] . Kisspeptins, a series of peptides encoded by the Kiss1 gene, are the endogenous ligands of the G-protein coupled receptor GPR54 (also termed Kiss1R). In humans, kisspeptins derive from a common 145-amino acid (aa) precursor protein, which by a number of proteolytic processes leads to an array of peptides with different lengths (kisspeptin-54, -14, -13, and -10) but with a common carboxyl-terminal amidated 10-aa sequence that is sufficient to efficiently bind its receptor [1, 6] . KISS1 was first identified as a metastasis suppressor transcript in 1996 and was referred to as a benign marker for nonmetastatic human melanomas [1, 6] . In 2003, the interest in the physiological functions of KISS1-derived peptides extraordinarily increased after the identification of inactivating mutations in the GPR54 gene in patients displaying isolated forms of hypogonadotropic hypogonadism (iHH) [7, 8] . This finding unveiled the previously unsuspected reproductive dimension of this signaling system as a key player in the regulation of the gonadotropic axis. Further support for these essential reproductive functions came from the demonstration that mice engineered to lack functional Gpr54 or Kiss1 genes were a complete phenocopy of the affected humans [7, 9] , thus demonstrating the conserved roles of kisspeptins in the control of the HPG axis in mammals.
Departing from these seminal observations, a large array of experimental studies in different mammalian (and more recently nonmammalian) species have been undertaken in the last few years in order to characterize the major physiological features of kisspeptins in the control of the maturation and function of the reproductive axis. In the following sections, we will briefly summarize the major consensus knowledge on the proven roles of kisspeptins as major stimulatory signals for the control of gonadotropin secretion via activation of GnRH neurons [1, 6] and their essential functions in the timing of puberty [10] , the mediation of the organizing and feedback actions of sex steroids [1, 6, 10] , and the control of fertility by metabolic cues [11, 12] . This synopsis will provide a comprehensive view of the actual physiological roles of kisspeptins and will set the scene for an in-depth discussion of recent data challenging or expanding our view of the modes of action and biological functions of kisspeptins in the control of specific aspects of reproductive function.
As an introductory point concerning nomenclature, we note here that in this review we will partially adopt the recent proposal by Gottsch et al. [13] , based on the guidelines of the Human Genome Organization Gene Nomenclature Committee, in which the terms of KISS1 and Kiss1 are used to name the primate and nonprimate genes, respectively, whereas their peptide products are termed kisspeptins (named hereafter as Kp), with a numeric extension indicating the number of aa residues, if relevant. In addition, while it is acknowledged that the usage of Kiss1R is fully valid, the Kp receptor will be termed GPR54 (or Gpr54 if specific mention to the coding gene in nonprimate species is made) in order to remain consistent with previous and current literature. Finally, because most of the experimental data reviewed herein have been obtained in nonprimate species, the term Kiss1 will be used for global reference to the ligand-receptor system when no given species is alluded to.
Neuroanatomy of Kiss1 Neurons As Key Stimulatory Input to GnRH Neurons
Compelling evidence, reviewed in later sections of this article, has mounted regarding the role of Kp as potent activators of GnRH secretion, which has been documented by a wealth of electrophysiological and neuroendocrine data obtained in different species and experimental conditions [1, 6] . To clarify the excitatory action of Kp upon GnRH neurons, a number of studies have been conducted in mammals to map the neuroanatomical location of Kiss1-expressing neurons in specific brain (hypothalamic) areas and their eventual projections to GnRH neurons. These features have been well characterized in rodents where the initial in situ hybridization (ISH) analyses performed in 2005 demonstrated the presence of two main populations of Kiss1 neurons located in the arcuate nucleus (Arc) and the anteroventral periventricular area (AVPV) [14, 15] . Later studies, using mostly immunohistochemistry (IHC), documented that such rostral Kp expression extends beyond the AVPV, appearing as a continuum that includes adjacent areas, such as the preoptic periventricular nucleus, a region that is also known as the RP3V (rostral periventricular area of the third ventricle) [16, 17] . Yet, for the sake of uniformity with most of the previous literature, this anterior area of prominent expression will be referred to as AVPV. Moreover, the existence of scattered populations of Kiss1 neurons has been also suggested in the anterodorsal preoptic nucleus, the medial amygdala, and the bed nucleus of the stria terminalis, populations of as yet uncertain physiological functions [18] but where Kiss1 expression, at least in the amygdala, seems to be under the control of sex steroids [19] , which are the major regulators of Kiss1 mRNA levels in the Arc and AVPV (see Roles of the Hypothalamic Kiss1 System in the Feedback Control of Gonadotropins by Sex Steroids). Worthy of note, some studies in rodents using IHC to identify Kp cell bodies and fibers have provided slightly different results from ISH mappings; the difficulties in creating monoclonal antibodies against Kp and the cross-reactivity of some of the available antisera with other RF-amide peptides may help to explain some of the discrepancies between RNA and peptide location data [20] . As a clear example, previous studies carried out in the rat and mouse demonstrated Kp-immunoreactive cells also in the dorsomedial nucleus and the nucleus of tractus solitarius [16, 21, 22] , areas where consistent Kiss1 mRNA expression has not been demonstrated but rather appear to display abundant expression of other structurally related peptides, such as RFamide-related peptide (RFRP) and neuropeptide FF.
Further backup for the above patterns of distribution of Kiss1 neurons in the rodent brain has been recently provided by a study from Cravo and coworkers [23] where, using tracing techniques in a genetically engineered Kiss1-Cre mouse line, these authors have grossly replicated previous ISH data of Kiss1 mRNA distribution. Of note, however, the latter study also found some additional populations of Cre-positive cells that do not apparently express Kiss1 mRNA in adulthood. This initial result from Kiss1-driven Cre expression, which is likely to be expanded upon in the coming years, clearly documents the power of this genetic approach to dissect out essential aspects of Kiss1 expression and function, but it also highlights the importance of cautious interpretation of data from these models, where issues such as promoter specificity of Cre expression and/or developmental timing of Kiss1 expression in distinct neuronal lineages must be carefully considered.
In addition, detailed neuroanatomical mapping of Kp fibers and their relation with GnRH neurons have been conducted in different mammalian species. Again, studies in rodents have allowed the identification of areas of abundant presence of Kp fibers, including the AVPV and Arc, and have documented putative synaptic contacts between Kiss1 neurons originating from the AVPV and GnRH neurons [16, 24] . In contrast, evidence for direct projections of Arc Kiss1 neurons to GnRH neurons has remained elusive, although a very recent report has found a subset of Kiss1 neurons in the rostral Arc that might project to GnRH neuronal cell bodies in the preoptic area [25] . In addition, it has been suggested that the Arc Kiss1 population may project to the median eminence [26] where they may establish synaptic contacts with GnRH nerve terminals. Yet, it is noted that the presence of Kp-positive axons has been mostly confined to the internal zone of the median eminence, where direct synapses with GnRH terminals appear to be scarce [27] . The specific hypothalamic areas (preoptic area and/or median eminence) and neuronal regions (perykarya and/or nerve terminals) where the different populations of Kiss1 neurons interact with GnRH neurons remains to be fully clarified. Similarly, the patterns of distribution of GPR54 within the hypothalamus, whose characterization has been investigated more recently [28] , and in other extrahypothalamic areas warrant additional studies.
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Development of Kiss1 Neuronal Populations in the Arc and AVPV: Roles in Brain Sex Differentiation
One distinctive feature of Kiss1 neuronal populations is their sexual dimorphism, which in rodents is especially apparent in the AVPV, with females having more Kiss1 neurons as adults than males [24, 29] . In addition, striking developmental changes in the numbers of Kiss1 neurons at the two prominent hypothalamic sites have been well characterized in mice and rats [16, 30] . These observations have paved the way for the analysis of the underlying mechanisms for such distinct developmental patterns and their functional relevance in terms of timing of puberty and later manifestation of sexually dimorphic traits of the HPG axis, such as the preovulatory surge of gonadotropins, which is distinctive of the female.
In this context, strong experimental evidence suggests that Kiss1 neurons are sensitive to the organizing effects of sex steroids acting during critical windows of differentiation, which in rodents are known to span between the late gestational life and the neonatal period [31] . Thus, exposure of female rats to high levels of testosterone during this period, a model that mimics the phenomenon whereby early androgenic input deprives the male brain of the neuronal setting needed to respond to estrogen-positive feedback, induces the masculinization of the Kiss1 neuronal population at the AVPV [29] . This suggests that the increase in testosterone that occurs in males at this stage of development is responsible for the virtual absence of Kiss1 neurons in this rostral area. In good agreement, early withdrawal of testosterone by neonatal gonadectomy of male rats apparently feminizes the population of Kiss1 neurons at the AVPV and makes them capable of responding to the positive feedback of estradiol [32] . However, studies in genetically modified mouse models, such as the aromatase-null (ArKO) and the hypogonadal (hpg) mice, strongly suggest that complete functional feminization of the AVPV population of Kiss1 neurons is not merely a defective process but also requires some degree of estrogenic input [33, 34] . On the other hand, excess of estrogenic actions on the developing brain appears to persistently impair later expression of Kiss1 gene at the hypothalamus [32, 35] . Altogether, the above data illustrate the sensitivity of the developing Kiss1 system to the organizing effects of sex steroids during critical windows of development whose disruption is likely to induce durable affects on reproductive maturation and function later in life.
Despite the above certainties regarding the process of sex differentiation of Kiss1 neurons at the AVPV in rodents, there are several issues that remain less well characterized and require further investigation. For instance, while initial RNA data from rat studies suggested that Kiss1 expression patterns at the Arc are not sexually dimorphic and nor are they affected by the organizing actions of early sex steroids [29] , more recent evidence strongly suggests that, indeed, the Arc population of Kiss1 neurons is likely to be larger in female rodents [36] , in keeping with data from other species, such as the sheep and human [37, 38] . In addition, analyses of the effects of the impact on hypothalamic Kiss1 expression of protocols of neonatal estrogenization of male and female rats provides indirect evidence that the Arc population is likely to be sensitive also to the organizing effects of sex steroids [35] . On the other hand, the intimate mechanisms whereby sex steroids, and other eventual modulators, shape the organization and development of the different populations of Kiss1 neurons at the hypothalamus are largely unknown. Nonetheless, efforts in this front have been initiated by the analysis of the potential contribution of Bax-mediated apoptosis in the generation of sex-dependent differences and the overall number of Kiss1 neurons at specific hypothalamic sites [39] , a study that is likely to be expanded upon in the coming future to evaluate the potential contribution of other (e.g., epigenetic) regulatory mechanisms in this organizing phenomenon.
Postnatal Expansion of Kiss1 Neurons: Roles of Kiss1 System in the Onset of Puberty
In addition to the organizing phenomena of Kiss1 neuronal populations during early critical periods of sex differentiation, compelling evidence indicates that the hypothalamic Kiss1 system undergoes a complex pattern of neuroanatomical maturation and functional activation during the course of puberty. The functional relevance of such an activation of Kp signaling on the timing of puberty was initially disclosed by the observations of a lack of pubertal maturation in humans and mice harboring inactivating mutations of GPR54 and/or Kiss1 genes [7, 9] . More recently, a study involving central infusions of a specific antagonist during the pubertal transition has unequivocally documented that selective blockade of Kp actions disrupts the normal progression of puberty in the rat [40] . Conversely, repeated administration of Kp-10 to immature rats accelerated the onset of puberty [41] . However, the underlying mechanisms subserving this critical function were not disclosed by these phenotypic analyses. Nonetheless, a combination of expression and functional studies, conducted mostly in laboratory rodents, have now provided deep insight into the mechanism whereby the Kiss1 system participates in the control of puberty onset in mammals: a multifaceted phenomenon that involves different maturational components.
Initial data demonstrated that hypothalamic expression of Kiss1 increases during pubertal transition in the rat and monkey [42, 43] , thus suggesting an elevation of its hypothalamic tone at the time of puberty. This was later confirmed by IHC studies that found a significant elevation in the number of Kp-positive neurons at the AVPV during postnatal maturation [16] . Interestingly, the latter study also unveiled substantial plastic changes of the developing Kiss1 neuronal population, with a detectable increase in the number of their close appositions (as an index of putative synaptic contacts) with GnRH neurons [16] . In addition, hormonal and electrophysiological studies in rodents revealed that there is an elevation in the sensitivity to the stimulatory effects of Kp in terms of GnRH/LH responses during the time of puberty [44, 45] , when GPR54 signaling efficiency appears to increase together with a higher resistance to desensitization to Kp stimulation [44, 46] . Such a combination of developmental changes (elevated Kp tone, enhanced Kp signaling efficiency and GnRH/gonadotropin responses, and higher numbers of Kiss1 neurons and synaptic contacts with GnRH neurons) define a sophisticated pattern of activation of the Kiss1 system at the hypothalamus during puberty [10] .
More recent studies concerning the roles and mode of action of the Kiss1 system in the control of puberty onset have focused on the mechanisms for such a cascade of activational events and their regulation by factors upstream of the Kiss1 neurons. In this context, recent experimental evidence in female mice suggests that the pubertal increase in Kiss1/Kp expression in the hypothalamus relies on some degree of estrogenic input from the ovary; thus, a positive feedback loop between the ovary and the hypothalamus should be operative before puberty, implying that Kiss1 neurons are not triggers but rather estrogen-dependent amplifiers of GnRH neuron activity during the peripubertal period [47] . Yet, whether a similar mechanism is operative in nonrodent species is unclear. Likewise, the potential contribution of Kiss1 neurons in the Arc in the timing of puberty and the significance of 652 their interplay with sex steroids during this period have remained elusive until recently. By the use of genetically engineered mice lacking estrogen receptor (ER)a selectively in Kiss1-expressing cells, Mayer et al. [48] demonstrated that elimination of ERamediated estrogen actions in Kiss1 neurons resulted in a marked activation of Kiss1 expression in the Arc during the prepubertal period, a phenomenon that was associated with phenotypic signs of precocious puberty, such as advanced vaginal opening. However, such earlier activation of the gonadotropic axis in this model was followed by the arrest of later pubertal progression and failure of first ovulation, which are likely due to defective expansion of the Kiss1 neuronal population at the AVPV. As a general call of caution, though, it is stressed that, in that study, ERa was ubiquitously eliminated from all the Kiss1-expressing cells, not only Arc and AVPV Kiss1 neurons. Moreover, the residual presence of ERb in a subset of Kiss1 neurons needs to be considered also because this feature may add a further degree of complexity to the interpretation of the phenotypic outcomes of this mouse line. Anyhow, with the proviso that the above data need to be expanded so as to control for potential developmental events, such as compensation or ablation of ERa in neurons/cells other than pubertal Kiss1 neurons, these results illustrate the delicate balance between Arc and AVPV Kiss1 neuronal population in defining the timing of puberty in mammals as well as the pivotal regulatory roles of developmental exposures to estrogen in this process.
Roles of Kiss1 Neurons As Key Excitatory Afferents to GnRH Neurons
In addition to its roles in sexual differentiation and puberty onset, it has been unambiguously demonstrated during the last few years that the Kiss1 system is an essential regulator of gonadotropin secretion in adulthood, as shown by a large number of studies that have documented the ability of Kp to potently stimulate luteinizing hormone (LH) and, to a lesser extent, follicle stimulating hormone (FSH) secretion in virtually all the species tested to date [1, 6] , including rodent, sheep, monkey, and human species, where the stimulatory effects of Kp have been demonstrated even at very low doses. There is general consensus that the primary mechanism and site of action of Kp is the activation of GnRH neurons, as demonstrated by an expression and functional study [49] . Thus, GnRH neurons have been shown to express GPR54, whereas the stimulatory effects of Kp in terms of gonadotropin release are abrogated by pretreatment with GnRH antagonists. In addition, Kp are able to activate GnRH neurons in vivo and ex vivo, as demonstrated by c-fos detection and electrophysiological recordings, and to elicit GnRH secretion in vivo (studies in the sheep) and in vitro (by incubated rat hypothalamic explants). These observations, together with their direct projections to GnRH neurons, solidly demonstrate that Kiss1 neurons are a key excitatory input for the GnRH system [1, 6, 49] . However, as pointed out in previous sections, it remains open whether Kp primarily operates on GnRH cell bodies and/or nerve terminals to physiologically regulate GnRH secretion. Yet, contribution of the later mechanisms has been suggested by studies in vitro (direct stimulatory effects of Kp on GnRH secretion by mediobasal hypothalamic explants devoid of GnRH cell bodies [50] ) and in vivo (potent and rapid gonadotropic secretory responses after peripheral administration of Kp [49] ).
While the existence of direct projections of Kiss1 neurons to GnRH neurons is well documented, functional data strongly suggest that Kp may also partially operate indirectly on GnRH neurons to modulate gonadotropin secretion. This has been pointed out by electrophysiological studies analyzing the influence of Kp signaling on glutamatergic and GABAergic (gamma-aminobutyric acidergic) transmission onto GnRH neurons [51] . Likewise, studies in the sheep have suggested a delicate interplay between Kp and the orthologs of the gonadotropin-inhibitory hormone (GnIH; RFRP in mammals) in the dynamic control of GnRH secretion [52] . Specific mention will be made in this review (see Cotransmitters of Kiss1 Neurons: Prominent Roles of NKB) on the potential interplay between Kp and neurokinin B (NKB), whose physiologic relevance has been recently stressed by a human genetics study [53] . Overall, elucidation of such a plethora of interactions between Kp and other central regulators of GnRH neurons will be of enormous help to define the hierarchy and relative importance of the different afferents to the GnRH neurons. In this context, another issue that remains somewhat contentious is the extent of Kiss1 neurons participation not only in defining the amplitude of GnRH/gonadotropin peaks, but also in GnRH pulsatility itself. Data in this regard are partially discrepant, although the recent observation of disturbed pulsatile LH secretion following selective infusion of a Kp antagonist in the Arc argues in favor of a role of Kp signaling in the network of regulators of the so-called GnRH pulse generator [54] , a contention indirectly supported also by recent studies in goats [55] .
As a final note, while it is clear that Kp act primarily at the hypothalamus to stimulate the gonadotropic axis, studies in different species, including rodents, sheep and, recently, primates [56] [57] [58] , have documented that Kp can act directly at the pituitary to evoke calcium responses and to elicit LH secretion. Admittedly, however, the physiologic relevance of such direct pituitary actions is yet to be defined [57] , and another study has failed to replicate these observations [49] . In any event, the demonstration of the expression of Kiss1 and Gpr54 genes at the pituitary, under the control of key regulators of gonadotropin secretion, such as sex steroids and GnRH [59] , and the fact that Kp have been shown to directly modulate other pituitary hormones, such as growth hormone [56, 58] , further strengthen this possibility.
Roles of the Hypothalamic Kiss1 System in the Feedback Control of Gonadotropins by Sex Steroids
Among its various modulators, sex steroids play a pivotal role in the dynamic control of GnRH and gonadotropin secretion. The nature of sex steroid actions is in part sexually dimorphic and dependent on the physiological state. This is nicely illustrated by the fact that estrogen can selectively stimulate gonadotropin release at specific stages of the ovarian cycle (positive feedback in females), but does not elicit gonadotropin secretion in males. Indeed, in the female, estrogen can be detected at the hypothalamus to regulate the tonic and preovulatory secretory modes of GnRH/gonadotropins [60] . During the follicular phase, moderate amounts of estrogen secreted by the ovaries helps to keep the tonic secretion of GnRH by negative feedback mechanisms. At the end of the follicular phase, however, an increase in circulating estrogen levels changes the pattern of secretion of GnRH neurons, triggering the preovulatory surge of GnRH/gonadotropins. Both positive and negative feedback mechanisms have been demonstrated to be mediated by neuronal ERa signaling [61] . Yet, the lack of expression of ERa in GnRH neurons strongly suggests the existence of intermediary pathways responsible for conveying the effects of estrogen onto GnRH neurons, a function in which Kiss1 neurons have been proposed to play a prominent role [1, 6] .
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Role of Kiss1 Neurons in Positive Feedback and the Control of the Preovulatory Surge of GnRH/LH
The fact that Kp signaling is essential for the preovulatory surge of gonadotropins has been suggested not only by the anovulatory state of Gpr54 and Kiss1 null mice [62] , but also by recent data showing that blockade of Kp actions by the use of a specific antagonist disrupts the preovulatory surge of gonadotropins [40] , findings that recapitulate previous results in a model of acute, central immunoneutralization of Kp [63] . Admittedly, however, one study using GPR54-null mice reported some (modest) LH surgelike responses to sex steroid priming even in the absence of Kp signaling [64] , a phenomenon whose basis is yet to be elucidated. In any event, compelling evidence has led to the belief that Kiss1 neurons at the AVPV in rodents are important mediators for estrogen actions on the generation of the preovulatory surge of GnRH/ gonadotropins. While the experimental evidence supporting this contention is ample, we highlight here the following observations (for specific references, see [49] ): 1) estrogen upregulates the expression of Kiss1 selectively at the AVPV via ERa; 2) virtually all the Kiss1 neurons in the AVPV express ERa; 3) Kiss1 neurons in the AVPV are activated, as evidenced by c-fos expression, at the preovulatory period and during sex steroid-primed LH surge; and 4) blockade of endogenous Kp in the preoptic area abolishes the proestrous LH surge. These data, together with the proven existence of projections of Kiss1 neurons from the AVPV to GnRH neurons, makes a solid case for a crucial role of this population as conduits for the positive feedback effects of estradiol on GnRH/gonadotropin secretion.
The molecular mechanisms whereby estrogen up-regulates the expression of Kiss1 at the AVPV have been recently evaluated by the use of a genetically modified mouse model, engineered to lack ERa binding to consensus estrogen responsive element (ERE) sequences in DNA, refereed as classical ER pathways, but that retains other (nonclassical) aspects of ERa signaling. Using this model, Gottsch and coworkers [65] demonstrated recently that estrogen acts via classical ERa-ERE pathways to stimulate Kiss1 expression at the AVPV. This is in contrast with the mechanisms for estrogen regulation of Kiss1 mRNA levels at the Arc (see Role of Kiss1 Neurons in Mediating Negative Feedback Control of Gonadotropins by Sex Steroids), and illustrates important molecular differences for the actions of estrogen in the regulation of these two populations of Kiss1 neurons. Finally, while the involvement of Kiss1 neurons in the AVPV in the positive feedback control of GnRH secretion has been well documented in rodents, whether an equivalent rostral population with key roles in ovulatory control exists in nonrodent species is yet to be defined. As an example, an initial study in sheep suggested that a subset of Kiss1 neurons in the caudal portion of the Arc may serve this specific function [66] , yet recent data suggest that Kiss1 neurons in sheep preoptic area are also activated at the time of the preovulatory surge and may also play a role in this phenomenon [67] .
Role of Kiss1 Neurons in Mediating Negative Feedback Control of Gonadotropins by Sex Steroids
Opposite to their roles in the AVPV of rodents, Kiss1 neurons in the Arc, or in the equivalent infundibular region, have been suggested to be crucial for mediating negative feedback actions of sex steroids on GnRH/gonadotropin secretion in different species [49] . The most salient data supporting this contention involves removing sex steroids, which has been shown to elevate Kiss1 mRNA levels in the Arc, whereas replacing estrogen or testosterone prevented such increases. These responses were tightly associated to similar changes in terms of circulating LH levels. In turn, ISH analysis demonstrated low expression of Kiss1 in the Arc in the afternoon of proestrous, coinciding with high circulating levels of estradiol. The effects of sex steroids are mediated via ERa and androgen receptor, as demonstrated in mouse studies. In this context, it has been shown that Kiss1 neurons in the Arc do express ERa, and recent functional genomic studies using a mouse model lacking ERa in Kiss1 neurons found evidence for the importance of such ERa-mediated pathway in this hypothalamic nucleus for the inhibitory effect of estrogen on GnRH/gonadotropin secretion, even before puberty [48] . On the other hand, a study using mice lacking ERE-mediated ERa signaling suggested that the inhibitory actions of estrogen on Kiss1 expression in the Arc can take place in the congenital absence of such a classical ERa pathway [65] . As indicated above, this is in contrast with the mechanism for estrogen regulation of Kiss1 expression at the AVPV. As further difference with that population, Kiss1 neurons at the Arc have been recently shown to coexpress NKB (and dynorphin) in rodents, sheep, monkey, and humans [38, 68, 69] . The functional relevance of NKB in the coregulation of Kiss1 neurons at the Arc and its eventual role in negative feedback control will be specifically discussed in later sections of this review (see Cotransmitters of Kiss1 Neurons: Prominent Roles of NKB).
Roles of Gonadal Steroids in the Modulation of GnRH Neuronal Responses to Kp
Although a substantial component of sex steroid control of the hypothalamic Kiss1 system involves the transcriptional regulation of Kiss1 gene expression, electrophysiological and pharmacological data obtained in rodents strongly suggest that sex steroids are able to modulate also GnRH responsiveness to Kp. As a clear example, Kp have been shown to increase GABA and glutamate transmission to GnRH neurons in the mouse in an estradiol-dependent manner [51] . Similarly, we have shown that blockade of ERa in female rats, using a selective antagonist in vivo, did not only blunt the preovulatory surge of gonadotropins but substantially reduced also acute gonadotropin responses to Kp [70, 71] . In contrast, responses to exogenous GnRH were preserved. Of note, selective blockade of ERb in cyclic female rats in vivo induced opposite effects in terms of LH secretion, as it modestly enhanced acute LH responses to Kp [70] , yet a lack of ERb signaling attenuated FSH responses to Kp. These data document the putative differential roles of ERa and ERb pathways in the control of GnRH responsiveness to Kp, a phenomenon that may contribute to the dissociation of both gonadotropins in certain physiological states. In addition, the fact that estradiol, acting via ERa, induces a state of maximal responsiveness to Kp, especially in the presence of progesterone [70] , strongly suggests that this is a complementary mechanism whereby estrogen participates in the generation of the preovulatory surge of gonadotropins.
Cellular and Molecular Mechanisms for Kp Activation of GnRH Neurons
Although our knowledge regarding the mechanisms involved in the activation of GnRH neurons by Kp is still limited, electrophysiological and pharmacological studies, using selective blockers of specific channels and intracellular signaling 654 pathways, have helped to delineate some aspects of the mode of action of Kp on GnRH neurons. Recording studies in brain slices from transgenic mice with GnRH-driven GFP expression have conclusively demonstrated that Kp stimulation induces strong inward current depolarization in GnRH neurons in a concentration-dependent manner [44, 72, 73] . In addition, calcium-imaging data have shown that Kp stimulation causes a significant increase in intracellular calcium although there are some discrepancies about the reported magnitude and duration of this increment, depending on the experimental model used. Thus, GnRH neurons maintained in mouse nasal explants as well as isolated GnRH neurons from adult rats responded to Kp, in most of the cases, with a sustained rise in intracellular calcium [74] . In partial contrast, calcium-imaging analysis in GnRH neurons from a transgenic mouse line expressing the radiometric calcium indicator Pericam found evidence for sharp increases in intracellular calcium followed by a drop in the concentration below the baseline in response to Kp application [72] . Yet, the above discrepancies could be related to methodological issues and the different properties of the calcium indicators used.
Concerning the intracellular signaling systems recruited upon GPR54 activation, studies in heterologous cell models and rat hypothalamic explants demonstrated that Kp stimulation preferentially activates the phospholipase C pathway [72, 75] , which results in the cleavage of phosphatidylinositol 4,5-bisphosphate into diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate (IP 3 ). In turn, the rise of intracellular levels of IP 3 and DAG increase cytosolic calcium by two different mechanisms: 1) increasing calcium efflux from the endoplasmic reticulum through an IP 3 receptor-mediated phenomenon [72] and 2) promoting extracellular calcium influx via transient receptor potential cation (TRPC) channels [73] . In addition, TRPC activation by DAG-PKC contributes substantially to cell depolarization because this channel is not only permeable to calcium but also to sodium. In addition, there is also evidence that GPR54-induced depolarization may be partially mediated by the inhibition of inwardly rectifying potassium channels [73] . However, the relative contribution of the above ion channels to the physiologic control of GnRH secretion by Kp is yet to be fully elucidated. Similarly, despite recent progress in the area [76] , further clarification is needed regarding the dynamics of GPR54 (e.g., receptor desensitization and trafficking) following ligand-dependent activation as well as the molecular targets activated in GnRH neurons upon Kp stimulation that are ultimately responsible for their excitatory actions.
Cotransmitters of Kiss1 Neurons: Prominent Roles of NKB
One of the features that has attracted more attention in recent years is the coexpression of other transmitters in specific populations of Kiss1 neurons, such as NKB and dynorphin (Dyn), and their potential functional roles in the control of GnRH secretion. Interest in such phenomenon was boosted by the coincident identification of inactivating mutations in some of these pathways (i.e., NKB) as possible causes for iHH in humans [53] . This has resulted in a significant number of expression and functional studies addressing the physiological roles of NKB (and Dyn) signaling in the control of GnRH secretion. This section provides a brief account of major recent findings in this area, with special attention to NKB and its putative function as an autoregulator of Kp output to GnRH neurons.
It is now well documented that Kiss1 neurons, specifically in the Arc/infundibular region, coexpress NKB and Dyn in multiple species [77] . This has led to the recognition of the complex neuropeptide phenotype of formerly cataloged Kiss1 neurons, which have been now renamed as KNDy (standing for Kisspeptin, NKB, and Dyn) neurons [77] . This neuronal population has been proposed as a central node for the integral control of GnRH secretion, not only by virtue of its ability to activate GnRH neurons via direct Kp stimulation, but also because of the capacity of NKB and Dyn to reciprocally and finely regulate such Kp output [55, 68] . In this context, the physiological roles and mechanisms of action of NKB in the control of GnRH secretion have been extensively investigated recently.
NKB is a member of the tachykinin family of peptides, characterized by a common C-terminal sequence (Phe-X-GlyLeu-Met-NH 2 ), encoded by TAC3 in humans or Tac2 in rodents [78] . NKB binds preferentially NK3R (encoded by TACR3), although some marginal agonistic activity of NKB has been detected at other tachykinin receptors, NK1R and NK2R [79] . NKB and other tachykinins had been previously involved in the control of the HPG axis in various mammalian species. However, demonstration that inactivating mutations in TAC3 and TACR3 genes lead to iHH in humans [53] , a phenotype similar to that of GPR54-null patients, prompted detailed analyses of the effects of the activation of NKB pathways on gonadotropin secretion and of the underlying mechanisms. Intriguingly, mice engineered to lack functional NK3R apparently display preserved fertility [80] . Yet, this mouse line has not been thoroughly evaluated in a reproductive setting; therefore, it remains to be established whether some degree of gonadotropic impairment is present in this genetically modified model, where some degree of compensation by other NKRs also might have taken place. In fact, compelling evidence from different species (including rodents) has been presented recently showing that NKB signaling in the Arc is under the control of sex steroids and is likely involved in the regulation of the pulsatile secretion of GnRH via autosynaptic modulation of Kp release. Some of the experimental data supporting this contention is summarized in this section, and schematically depicted in Figure 1 .
Administration of senktide, as selective agonist of NK3R, has been shown to elicit LH secretion in the rat, sheep, and monkey [81] [82] [83] . However, NKB or senktide effects on LH release are not as potent and universal as those of Kp and appear to depend upon the steroid milieu. Thus, NKB agonists stimulate LH release in intact or estradiol-replaced ovariectomized (OVX) animals [55, 82, 83] , whereas they induce a clear inhibition of LH release in OVX models [83, 84] . The reason behind such sex steroid-dependency warrants further investigation but may involve changes in receptor expression or, more likely, sensitivity due to changes in sex steroid milieu or in the endogenous tone of NKB. Of note, expression of NKB and NK3R mRNAs is down-regulated by estradiol in the Arc [83] ; therefore, it is reasonable to predict that OVX animals display maximal stimulation of the NKB pathway that may lead to some degree of desensitization following administration of exogenous NKB agonists. Although there is functional evidence for such desensitization in monkeys [82] , the contribution of this phenomenon for the paradoxical inhibition of LH secretion by NKB in OVX animals is yet to be determined.
KNDy neurons in the Arc form a dense network around the third ventricle, where individual neurons are profusely interconnected to each other [77] . In addition, there is evidence for the projection of such neurons onto the median eminence, where KNDy fibers appear to be in the vicinity of GnRH nerve terminals [85] . Such neuroanatomical features, together with KISSPEPTINS IN REPRODUCTIVE BIOLOGY the effects of NKB described above, have paved the way for the analysis of the specific role of this system in the control of GnRH pulses. The experimental evidence available clearly suggests that NKB acts primarily on KNDy neurons to indirectly modulate the pulsatile release of GnRH and, thereby, gonadotropin secretion [55, 68] . In support of this autoregulatory loop, KNDy neurons abundantly express NK3R and central injection of senktide rapidly activates c-fos expression in Kiss1-expressing neurons [83] . In contrast, GnRH neurons express little or none NK3R and are not rapidly activated upon central senktide administration [77, 83] . Anyhow, the fact that NKB acts within the hypothalamus to elicit LH secretion is documented by the observation that this stimulatory action is blunted by pretreatment with a GnRH antagonist [82] . Further proof for the nodal role of NKB in the dynamic control of GnRH secretion comes from studies in goats where central administration of NKB profoundly altered the recordings of multiunit activity (MUA) volleys in the Arc, presumably in KNDy neurons, changes that were tightly mirrored by changes in LH pulses [55] .
Other facets of the roles of NKB in the central control of the HPG axis are being actively investigated. These include the analysis of the actual roles of NKB pathways in the negative feedback control of gonadotropin secretion in different species, studies that are based on the proven inhibitory effects of sex steroids on NKB and NK3R expression in the Arc [68, 77, 84] . Yet, functional analyses of the consequences of congenital or pharmacological inactivation of NKB signaling in terms of deregulation of negative feedback are still missing. Similarly, the dynamic interplay between NKB and Dyn in the reciprocal control of Kp output and GnRH secretion is also the subject of considerable interest. While for the sake of concision the features of Dyn will not be extensively reviewed here, it is stressed that Dyn, acting via j-opioid receptors, appears to conduct an inhibitory action on pulsatile GnRH secretion as recently illustrated by the effects of central infusion of Dyn on MUA volleys and LH secretory peaks in goats [55] . This effect is opposite to the predominant stimulatory effects of NKB and suggests the existence of the interplay between these two neuropeptides in the fine tuning of KNDy neurons, whose physiological relevance in the control of GnRH secretion in different species, including humans, is under active investigation.
Putative Roles of Kiss1 Neurons in the Metabolic Control of the Reproductive Axis
Reproduction is a metabolic-demanding function that requires sufficient levels of energy stores to proceed [86] . This is more evident in mammalian females because of the elevated energetic drain of successful pregnancy and lactation, although reproductive function in male mammals is also sensitive to conditions of metabolic stress [86] . Accordingly, a sophisticated network of regulatory signals linking metabolism and reproduction has evolved to ensure such a functional connection. Indeed, GnRH secretion is influenced by a number of metabolic signals, such as glucose, leptin, insulin, and ghrelin [86, 87] , which, nonetheless, may not operate directly on GnRH neurons. A paradigmatic example is leptin, a signal of energy abundance from the adipose tissue that is indispensable for normal puberty onset and fertility, but whose functional receptors are not expressed in GnRH neurons [88] . Therefore, it is tenable that upstream afferents to GnRH neurons are primarily responsible for the integration of, at least, part of this metabolic information directed to GnRH neurons. As we review in the next section, Kiss1 neurons are likely to be an important element of the central circuits driving (directly or indirectly) nutritional/metabolic information to GnRH neurons.
Regulation of the Kiss1 System by the Metabolic Status
Conditions of negative energy balance, as defined by a reduction in the availability of metabolizable substrates or in the capacity to use them, have a considerable impact on reproductive function by lowering gonadotropin release and, if persistent, causing anovulation. In humans, situations of energy shortage, such as anorexia or diabetes, negatively affect fertility [89, 90] . In this context, several studies have documented a clear impact of conditions of undernutrition or metabolic stress on Kiss1/Kp expression in the hypothalamus. Thus, mice subjected to fasting display a significant reduction in hypothalamic Kiss1 mRNA levels, which is already evident after 12 h and precedes the decline in GnRH expression [91] . Similar results have been obtained in pubertal male and female rats, as well as in monkeys, where a significant decline in Kiss1 mRNA levels has been reported after short-term fasting [92, 93] . Similarly, chronic subnutrition during puberty has been shown to reduce Kiss1 mRNA levels in the Arc in female rats [94] . In good agreement, during lactation, when the metabolic cost of milk production causes a state of negative energy balance in the dam that leads to decreased GnRH release and anovulation, Kp/NKB content in the Arc, as well as Kiss1 mRNA levels in the Arc and the AVPV, are significantly lower in the rat [85, 95] . Likewise, situations of negative energy balance due to uncontrolled diabetes in male and female rats evoke suppression of hypothalamic expression of Kiss1, which was associated to a state of hypogonadotropic hypogonadism [96, 97] .
The functional relevance of the above changes in conditions of negative energy balance is reinforced by the observation that repeated central injections of Kp-10 to female rats with puberty arrest due to chronic subnutrition was able to restore vaginal opening (an external sign of puberty) and to induce potent ) and Dyn (as inhibitory factor) in the dynamic control of Kp output onto GnRH neurons. Findings in mouse and ovine models suggest that this population of KNDy neurons is a nodal center for the regulation of the pulsatile secretory activity of GnRH neurons. Yet, while expression and functional data support this tentative autoregulatory loop, some anatomical features of this network, such as the precise location of projections of KNDy neurons onto GnRH neurons, need further clarification. As indicated in the scheme, it is likely that such projections target GnRH nerve terminals at the median eminence (ME) rather than cell bodies at the preoptic area (POA). For the sake of simplicity, other important regulatory factors of this circuit, such as sex steroids, which inhibit Kiss1 and NKB expression at the Arc, are not depicted in the scheme. 656 gonadotropic and estrogenic responses despite the persistent caloric restriction [92] . In the same line, Kp-10 administration to uncontrolled diabetic male rats rescued the hypogonadotropic phenotype of these animals [96] . Taken together with the above expression data, these findings suggest a role of Kiss1 neurons as putative sensors of the energy state of the organism and relay node for the transmission of metabolic information onto GnRH neurons.
Kiss1 Neurons as Putative Mediators of the Positive Effects of Leptin on Reproduction
Given the important permissive role of leptin in the metabolic control of puberty onset and reproductive function, its role as a putative regulator of the hypothalamic Kiss1 system has been evaluated in different species. Compelling evidence gleaned in rat, mouse, and sheep demonstrate that low or null leptin levels are associated with reduced hypothalamic expression of Kiss1, whereas administration of leptin in models of negative energy balance/defective levels of endogenous leptin enhances Kiss1 mRNA levels at the hypothalamus. For instance, leptin-deficient ob/ob mice displayed reduced Kiss1 expression in the Arc [98, 99] , and this was partially restored after leptin treatment [98] . Similarly, central infusion of leptin-but not insulin-rescued defective LH and testosterone secretion and normalized Kiss1 expression in uncontrolled diabetic rats [96] . In the same line, recent studies in the ewe have demonstrated reduced Kiss1 expression in the Arc and the preoptic area in hypogonadotropic lean animals whereas central administration of leptin partially restored Kiss1 mRNA levels [100] . These observations, together with the demonstration of the expression of the functional leptin receptor (LepR) in a fraction of Kiss1 neurons (e.g., 40% in the mouse), strongly suggest that leptin acts on Kiss1 neurons to conduct its permissive actions on the HPG axis. In this context, recent efforts have been devoted to elucidate the molecular mechanisms whereby leptin modulates Kiss1 expression and reproductive function; the Creb coactivator and the mammalian target of rapamycin are likely involved in this phenomenon [94, 101, 102] .
However, the contention that leptin acts on Kiss1 neurons has been recently challenged by an elegant study by Donato and coworkers [103] where mice with genetic elimination of LepR selectively from Kiss1-expressing cells, generated by crossing Kiss1-Cre and LepR-floxed mice, did not show overt alterations of puberty onset. This would preclude direct actions of leptin on Kiss1 neurons as the mechanism for its permissive/ stimulatory effects on the gonadotropic axis. While the data are appealing, some issues need to be carefully analyzed prior to consolidation of this hypothesis. Importantly, the mouse model used in this study congenitally lacks LepR in Kiss1-expressing cells, and the possibility exists that developmental compensatory mechanisms might have taken place. Similarly, the specificity of the selective LepR knockout only in postnatal Kiss1 neurons might be hampered by the fact that Kiss1 gene seems to display a wider pattern of expression within the brain and other peripheral tissues at early stages of maturation; therefore, elimination of LepR may have occurred in other populations with opposite roles in gonadotropic control. Finally, considering the repeated observation of leptin-induced changes in Kiss1 mRNA levels in the hypothalamus in different species, it remains possible that leptin effects on Kiss1 neurons are indirect, that is, they are achieved by engaging some of their potential neuronal afferents.
Indeed, in the same study [103] , it was demonstrated that the ventral premammillary nucleus (PMV), an hypothalamic area with abundant expression of LepR, sends projections to Kiss1 and GnRH neurons and appears to play an indispensable role in mediating leptin effects on the gonadotropic axis as evidenced by the stimulatory effects of unilateral restoration of LepR expression in the PMV in LepR-null mice [103, 104] . The phenotypes of PMV neuronal efferents mediating such a function and whether these interact with Kiss1 neurons are yet to be elucidated. On the latter, it is noted that despite the differences in ovarian function between LepR-null and LepRrescued mice, no obvious differences in terms of relative levels of Kiss1 expression were detected in the Arc and AVPV. While this may argue against an interaction between PMV and Kiss1 neurons, such a lack of changes in Kiss1 expression is somewhat at odds with the predictable modifications induced by the changing levels of sex steroids upon Kiss1 expression. Therefore, it remains possible that Kiss1 mRNA levels may be deregulated in the absence of leptin signaling in the PMV, a possibility that warrants further investigation.
Interplay of Kiss1 Neurons with POMC-, NPY-, and GnIHNetworks: Roles in Energy Balance and Reproduction
Recent experimental evidence obtained in sheep and rodents suggests the existence of bidirectional interplay between Kiss1 neurons and other key neuronal populations putatively involved in the control of energy homeostasis and reproduction [100] . As a paradigmatic example, studies in mice and sheep have documented that the hypothalamic expression of Kiss1 gene is modulated by the orexigenic signal, NPY (neuropeptide Y), and the anorectic proopiomelanocortin (POMC)-derived peptide, a-MSH (melanocyte-stimulating hormone) [91, 105] . In turn, expression of NPY is stimulated by Kp, both in sheep hypothalamus and mouse neuronal cell lines [100, 106] , whereas hypothalamic expression of POMC is down-regulated by Kp in the sheep [100] . Considering the prominent roles of NPY and POMC neurons at the Arc in the central regulation of food intake and the putative function of NPY and MSH in the control of the reproductive axis, it has been proposed that an intricate network involving NPY, POMC, and Kiss1 neurons may participate in the reciprocal regulation of energy homeostasis and reproduction [100] . In keeping with this view, recent neuroanatomical and electrophysiological studies found evidence that Kiss1 neurons establish synaptic contacts with POMC neurons and that Kp can excite POMC neurons in a dose-dependent manner [107] . In contrast, Kp inhibited NPY neuron activity via presynaptic mechanisms. Moreover, RFRP, which has been suggested to interplay with Kp in the control of GnRH secretion in the sheep, was reported to inhibit basal and Kp-stimulated POMC neuronal activity [107] . While these data would suggest the involvement of Kp signaling in the regulation of neuronal populations with key roles in body weight homeostasis, we, as well as others, have been unable to detect discernible effects of acute or repeated injection of Kp on food intake or body weight in rats [92, 108] .
CONCLUSIONS
The Kiss1 system is now universally recognized as a major central regulator of the HPG axis, and numerous studies published in the last seven years has set the consensus that Kp, as potent stimulators of GnRH/gonadotropin secretion, play a pivotal role in the control of key aspects of reproductive maturation, such as brain sex differentiation and puberty onset as well as adult gonadotropin function, including the regulation of the HPG axis by gonadal steroids and metabolic cues. While there is unanimous recognition of these facets of Kiss1 system KISSPEPTINS IN REPRODUCTIVE BIOLOGY physiology, our knowledge of the biological effects and mechanisms of action of Kp is also enlarging. In fact, as discussed in detail herein, some recent findings regarding 1) the coexpression of key transmitters in Kiss1 neurons; 2) the interactions of Kp with other central signals involved in the regulation of GnRH secretion; 3) the modes of action of key peripheral hormones, such as estrogen and leptin, on Kiss1 neurons; and 4) the neuroanatomical circuits whereby Kiss1 afferents impinge onto GnRH neurons have modified, if not challenged, our initial view on how the Kiss1 system participates in the dynamic control of reproduction. We anticipate that further advancements along these lines will help to delineate the whole array of physiological roles of Kp in reproductive biology and will set the scene for further analyses of the pathophysiology, and eventual therapy, of this appealing neuroendocrine system in the context of reproductive medicine.
